INTRODUCTION
Calculations of maximum slope (maximum gradient) and aspect (direction of maximum gradient) of surfaces from fundamental geometric theorems (Marschak and Gautan, 1988) are widely used to determine the strike and dip of geologic beds and the direction of surface drainages, and to estimate the configuration of ground-water-head contours and thus the primary direction of ground-water flow (Todd, 1980, p. 87) . The mathematics are simple, and it is a useful tool in quantifying slopes of surfaces.
In aquifers, a minimum of three wells is required to compute the maximum slope and aspect of hydraulic gradients. Calculation of gradients between two wells will yield a maximum gradient only in cases when the two wells are coincidentally aligned with the maximum gradient. Gradients compiled from two wells will most likely yield a gradient that is less than the maximum gradient of the aquifer. The terms "true" and "apparent" gradients are used to distinguish between the maximum gradient (true) and a gradient less than the maximum gradient (apparent).
A computer technique was developed to handle a large number of solutions to calculate the direction of maximum slope and aspect of ground-water heads from a triangulated network of wells. The solutions are being used to assess the variability of maximum slope and aspect from seasonal recharge and discharge in a river-valley aquifer (Harte and others, 1997) .
This report describes a computer technique that solves the three-point planar solution. The computer technique uses available computer software and a computer program written specifically for this application to solve multiple readings of heads from three wells that define a triangular network.
SUMMARY OF THREE-POINT PLANAR SOLUTION
The three-point planar solution allows for computation of aspect and slope of the true or maximum gradient of ground-water heads from a triangulated network or plane. The triangulated plane derived from measurements of ground-water heads represent a water-table surface, if head measurements are from wells screened near the water table, or a potentiometric surface, and if head measurements are from wells screened below the water table.
A surface defined by three points allows for computation of a true gradient in the aquifer, which corresponds to the maximum gradient of the surface. Gradients that are not parallel to the maximum gradient, called the apparent gradient, will be less than the maximum gradient.
The computerized solution technique of the triangulated plane discussed in this report assumes a linear slope within the triangulated area and, therefore, is best suited for calculating slopes in fully confined aquifers. The approach can be used for unconfined aquifers if the size of the triangulated areas are small and the slope of the water table is small (generally less than 0.02 feet per feet). Under these cases, a linear slope is an adequate approximation to the parabolic shape of the water table. The maximum slope and aspect of linearly sloping triangulated planes can be computed by use of graphical or arithmetic techniques ( fig. 1 ).
The solution of computing slope and aspect can be solved graphically ( fig. 1A ) by defining contours of equal surface values. The direction of the maximum slope is then computed at 90 degrees from the contours of equal surface value. The slope solution of the three-point problem can also be solved mathematically ( fig. IB ) by finding the ratio between the maximum vertical distance (decline) and the horizontal distance (run), expressed as a simple fraction. Slope also can be expressed as units of angular measure, or degrees, based on the fact that the slope value as a simple fraction is the trigonometric tangent of the slope angle (Muehrke and Muehrke, 1992) . The computation of slope in one dimension is shown in figure IB. For two dimensions, the gradient of a spatial function is defined as:
where Ax = slope in x-direction Ay = slope in y-direction.
The computer software allows for computation of slope and aspect from irregular shaped triangles based on the location of wells at the corner of the triangle. Conceptually, computational errors of maximum gradients will be reduced if uniform-shaped triangular networks are used. In most cases, however, the locations of head data are not uniformly distributed in the aquifer.
DOCUMENTATION OF METHOD
ARC/INFO, a computer Geographic Information System (GIS) software, developed by Environmental Systems Research Institute (1995), was used for this study. Head-measurement data were analyzed using the ARC/INFO module TIN (Triangulated Irregular Network). TIN capabilities allow for surface analysis using the location of wells in x,y coordinates, and the head measurements as the z coordinate. The TIN data model represents a surface of non-overlapping contiguous triangles. The analysis functions of TIN were used to calculate the slope and aspect for each head surface from the z coordinates of the triangulated area.
To facilitate data input and analysis of slope and aspect, a computer program was created and called RUNSLOPE.AML (appendix 2). RUNSLOPE.AML was written in Arc Macro Language (AML), a proprietary computer language designed to run in ARC/INFO. RUNSLOPE.AML also can be used to conduct a time-series analysis to assess the variability of a hydraulic gradient for a given triangle.
Input Requirements
The location of the wells and well-head measurements are used to create TINs for computations of slope and aspect. An American Standard Character Code for Information Interchange (ASCII) data file is used for initial input in RUNSLOPE.AML. The contents of the data file should contain a numeric well identifier, followed by a time series of head measurements for the well in a space delimited format (table 1). Each column of head values represents an associated time period; for example, the first column of head values are all from the same day and so on. Well-identifier values should be a numeric identifier with a value range of 1-999. An ARC/INFO coverage of well locations is also needed with locations of wells in x,y stateplane coordinates. Data loaded from the ASCII file into an INFO data base table are linked to the well locations by the numeric well identifier. A master wells coverage was created by use of the ARC/INFO command GENERATE. The wells coverage contains the wells for the entire network, which are used in selecting the well network, in groups of three, for individual triangles. Each triangle must be processed separately when selected areas overlap, because TIN does not allow for overlap.
RUNSLOPE.AML requires no additional input data except interactive queries, which are used to identify input and output information, and dates of head measurements. The program can be modified to allow batch processing of additional ASCII files of time series of head measurements.
Program Operation
RUNSLOPE.AML requires an input ASCII file, and a coverage of well locations, which contains wells for the entire triangulated network. Prior to program operation, the user must decide which triangle to process and analyze. Program operation instructions are provided in detail in appendix 1.
Output Files
The final results of RUNSLOPE.AML is an ASCII output file that contains dates and corresponding computed slopes and aspects for a given triangular network of three head measurements (table 2) . Aspect results are given in degrees from true north and slope in degrees from the horizontal.
A benefit of summarizing information into a separate ASCII output file is that the information on slope and aspect can be imported into other software programs for analyzing and plotting. The usefulness of the computer technique described in this report is demonstrated at a test site where a ground-water-flow system has been studied to assess the variability of seasonal effects of ground-water recharge and discharge on the transport of contaminated ground waters (Harte and others, 1997).
Description of Test Site
A large contaminant plume of volatile organic compounds exists in the western-half of the Milford-Souhegan glacial-drift aquifer in Milford, New Hampshire (Harte and others, 1997; fig. 2 ). The aquifer is unconfined, highly permeable, and ground-water velocities exceed several feet per day in some areas. To assess the effect of seasonal patterns of ground-water recharge and discharge on the spread of contaminated ground waters, water levels were measured at 77 wells in the aquifer.
Important areas of the aquifer were divided into 14 triangulated groups of wells, where information on biweekly water levels were available for 1 year (Harte and others, 1997; fig. 3 ). An alphabetic coding system was used to identify each triangle. 
Computation of Slope and Aspect
A ranking of the variability of computed slope and aspect calculations is given in table 3. The data were compiled from results of the output file of RUNSLOPE. AML, and input into a statistical software package for analysis. The analysis shows that triangles located at the extreme western and eastern areas of the triangular network have the greatest seasonal variability (see triangles M, J, B, and D, fig. 3 ). These triangles are located adjacent to the Souhegan River and show that the river exerts a strong influence on ground-water flow. .
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The frequency of observed aspects is shown for triangle B (fig 4.) . The distribution of aspects shows that there is a large variability around the arithmetic mean of the computed aspects, which in this case is 131 degrees from true north. In this example, the other statistical properties besides the mean, such as the variance or standard deviation, should be utilized to adequately describe the direction of maximum hydraulic gradient. 
Accuracy of Computed Gradients
The slope of the water-table surface in the aquifer at the test site is generally small (less than 0.02 feet per feet), thus the errors in the approximation of the water table by a linear gradient are also small. Furthermore, the largest triangulated areas used for the study introduce only small errors. Examples of errors from the linear approximation technique for triangles B and C are shown in figure 5 .
A one-dimensional slice was taken through each triangle corresponding to the direction of maximum gradient. Ground-water heads were computed at the midpoint of each slice based on a linear sloping water table and a parabolic sloping water table (curvilinear) and heads were compared to determine the relative difference between each solution. The midpoint of each triangle represents the most likely location of greatest difference between the computed heads. In the examples provided, the difference in heads at triangle B are 0.02 feet (ft) out of a potential range in head of 4.69 ft, an error of 0.4 percent, and the difference in heads at triangle C are 0.18 ft out of a range in head of 11.79 ft, an error of 1.5 percent. 
SUMMARY
This report describes a computer technique that can be used to calculate the true aspect and slope of ground-water head from three points. The technique uses a Geographic Information System (GIS) and a computer program to compute results. The GIS uses a linear solution to compute slopes.
The application of the computer technique in a shallow surficial-aquifer system showed that the technique allows for easy synthesis of multiple measurements of ground-water head and computation of variability of surface aspect and slope. These results are being used to assess the effect of seasonal recharge and discharge on transport of contaminated ground waters. Similar applications also can benefit from this technique. 
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RUNSLOPE.AML EXPLANATION
Before initial program operation of RUNSLOPE.AML, the user must establish a few required parameters define triangular areas, select which wells define those areas, how many measurements will be used, and what dates will be used to represent the date measurements were taken. Triangular areas must first be defined and named by selecting wells that define the endpoints of each triangle.
A master wells coverage must also be created for the program to select wells based upon a well identifier (WELL-ID) field item from within the point attribute table (PAT). The master wells coverage should contain all the wells used for the entire network. The ARC command GENERATE can be used to create a master wells coverage. The coverage should contain a WELL-ID item using an input and output width of 3, defined as an integer type with 0 decimal places. The range of acceptable WELL-ID values is from 1-999.
The glacial-drift aquifer in Milford, New Hampshire (study example, see fig. 3 ), uses 14 triangulated areas that were named in alphabetical order from A to N. For this study area, RUNSLOPE.AML was created; therefore, the AML uses default WELL-IDs for each triangle specified for processing. The default WELL-IDs and the triangle letter symbol can be changed within RUNSLOPE.AML on lines 42-55 using a text editor (see RUNSLOPE.AML program in appendix 2).
Multiple-head measurements can be processed to represent a time-series analysis. The glacial-drift aquifer study uses a total of 26 biweekly dates of measurements yielding one year of analysis. The program allows for default dates to be used for each column of measurements. These default dates also can be changed using a text editor for lines 174-183, 193, and 209-233. All default parameters in the AML code are commented with remark lines pointing to the values that can be updated. By default, the maximum number of dates is 26. Below is a brief checklist to use before using RUNSLOPE.AML 1. Define and name the triangulated areas using well locations as endpoints (for example, A, B, etc.). 2. Make sure wells have a numeric identifier value range from 1-999. 3. Select which dates of measurements to use. 4. The input ASCII file must follow the specified format shown in table 1 of this report. 5. Obtain or create a well coverage that contains all well locations for the various triangles. 6. The master-wells coverage must contain a WELL-ID item using the specified format. NOTE: Default values for triangle-identifiers, well identifiers, and measurement dates may need editing in RUNSLOPE.AML before initial program use.
Program Operation and Process Description
Run RUNSLOPE.AML at the ARC prompt: Arc: &r runslope.aml The following ARC/INFO commands used in the explanation are executed in RUNSLOPE.AML and are provided as examples to the program. Triangle B will be used for this example. 1. RUNSLOPE.AML first prompts the user for the input and output ASCII file names. Next, the program prompts the user to enter the number of measurements. The program then prompts the user for the letter code of the triangulated area to be processed (for example, B). The last prompt asks for an input master wells coverage (default is TRI-WELLS). 2. The first process involves creating a wells coverage by selecting the three wells that define triangle B from the master wells coverage. 8. The last step involves a retrieval of the slope and aspect values from all 26 coverages representing the biweekly analysis for each triangle. At this time, the polygon attribute table of each coverage is assigned a DATE field, which will store the date for that triangle's computed maximum slope and aspect. If the user wishes to use one date, the program will prompt the user for the date. If multiple dates are to be used, the user can interactively enter each date or use the default dates. These default dates can easily be changed in RUNSLOPE.AML. After all dates are loaded into the coverage's DATE field, the date, slope, and aspect values are exported to an ASCII output file. Afterwards, the coverage is removed with the KILL command since it is no longer needed. ARC commands used to add date field and unload the slope and aspect values to an ASCII file:
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